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Top sheath flow-assisted secondary flow particle manipulation in microchannels
with the slanted groove structure
Abstract
In the regime of inertial microfluidics, the secondary flow is widely adopted to reduce the number of the
equilibrium position and improve the focusing performance of particles. At the same time, secondary flow
can also enhance the mixing effect and may deteriorate particle focusing due to the induced rotating
streams, especially for the particle with a small size. In a double-layered microchannel with slanted
groove structures, it has been demonstrated that the generated secondary flow at a high flow rate could
focus the particle with a large size (> 8 µm). However, the manipulation of small-size particles (< 8 µm)
was unsuccessful as the effects of secondary flow on the small-size particles were not strong enough. In
this work, to manipulate the small-size particle, we proposed a scheme to utilize a top sheath flow to
enhance the focusing efficiency of the structure-induced secondary flow. The effects of the total flow rate
and the flow rate ratio between the sheath and sample flow were investigated comprehensively in a large
range. The 4.8 µm particle could be manipulated effectively at different flow rates with the assistance of
appropriate sheath flows. Besides, the effects of other factors, such as the quantity of the expansion
groove structure, and particle concentration and size, on particle focusing performance were also
investigated. We found that the particles with the diameter of 2.9 µm can also be effectively focused
within the double-layered microchannel. Furthermore, we demonstrated the continuous plasma extraction
from the undiluted whole blood using this proposed technique to validate its potential biological
applications. The results show that the purity of plasma extracted could reach up to ~ 99% after a single
process. As such, this demonstrated that sheath flow-assisted particle manipulating method can
overcome the limitations of conventional design and offer much better performance for controlling
smaller particles. Such a platform may enable great potential in the applications of biological and
diagnostic assays, for bioparticles smaller than the normal cell size.
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Abstract
In the regime of inertial microfluidics, the secondary flow is widely adopted to reduce the number of the
equilibrium position and improve the focusing performance of particles. At the same time, secondary flow can
also enhance the mixing effect and may deteriorate particle focusing due to the induced rotating streams, especially
for the particle with a small size. In a double-layered microchannel with slanted groove structures, it has been
demonstrated that the generated secondary flow at a high flow rate could focus the particle with a large size (>8
µm). However, the manipulation of small size particles (<8 µm) was unsuccessful as the effects of secondary flow
on the small size particles was not strong enough. In this work, in order to manipulate the small size particle, we
proposed a scheme to utilize a top sheath flow to enhance the focusing efficiency of the structure-induced
secondary flow. The effects of the total flow rate and the flow rate ratio between the sheath and sample flow were
investigated comprehensively in a large range. The 4.8 μm particle could be manipulated effectively at different
flow rates with the assistance of appropriate sheath flows. Besides, the effects of other factors, such as the quantity
of the expansion groove structure, particle concentration and size, on particle focusing performance were also
investigated. We found that the particles with the diameter of 2.9 μm can also be effectively focused within the
double-layered microchannel. Furthermore, we demonstrated the continuous plasma extraction from the undiluted
whole blood using this proposed technique to validate its potential biological applications. The results show that
the purity of plasma extracted could reach up to ~99% after a single process. As such, this demonstrated sheath
flow-assisted particle manipulating method can overcome the limitations of conventional design and offer much
better performance for controlling smaller particles. Such a platform may enable great potential in the applications
of biological and diagnostic assays, for bioparticles smaller than the normal cell size.

Introduction
Inertial microfluidics, which relies on the finite inertia and viscosity of the fluid, is one of the most popular passive
microfluidic technologies for the particle manipulation in the last few decades [1, 2]. Inertial microfluidics
normally works within a middle Reynolds number ranging from ~1 to ~100 [3]. As a result, it always has an
inherent high throughput compared with the active microfluidic technologies, which rely on the external force
fields for functionalities [3, 4].
Inertial migration is the phenomenon that randomly travelling particles can be guided to several equilibrium
positions within a long enough straight channel [5, 6]. The mechanism of this phenomenon is generally recognised
as the counteraction between two intriguing inertial effects, the shear gradient lift force Fs and the wall lift force
Fw [4]. At the same time, it has been reported that the equilibrium position in the straight channel is closely related
with the channel aspect ratio [7-10]. Moreover, the dimension of the channel’s cross-section is required to satisfy
the condition, 𝑎/𝐷h > 0.07 so that the inertial migration could be strong enough to produce the obvious
phenomenon [1], here 𝐷h is the hydraulic diameter of channel, and 𝑎 is the diameter of particle. To manipulate
particles more effectively and efficiently, the secondary flow can be introduced by the curved channel or the
obstacle structures within the channel’s cross sections for the generated proper pressure gradient [11, 12].
The double-layered microchannel with expansion groove structure was first employed for the mixing
application by the secondary flow in microfluidics [13, 14]. Then it has been demonstrated that this type of channel
can also be used to regulate and improve the original inertial particle focusing performance at a high Reynolds
number [9]. In our previous work, a microchannel with arc-shaped groove arrays was proposed to focus and
separate particles using the groove structure-induced secondary flow. This method could focus the particles whose
size is larger than 8 µm. However the smaller-sized particles (4.8 µm and 3.2 µm) were distributed relatively
evenly within the microchannel, and even a number of small particles would be trapped into the expansion groove
structure due to the weak resistance against the trapping effect of the pressure gradient in the expansion groove
structure [15]. In the similar double-layered microchannel, a DEP-active hydrophoretic method was introduced to
focus the smaller size particle [16]. For the typical hydrophoretic particle focusing method, the experimental data
showed that there is a target particle dimension limitation that only the particle with a diameter larger than the
half of the channel’s height is able to be manipulated effectively by the effects of anisotropic expansion structure
of the microchannel [17]. The integrated electrodes patterned on the microchannel bottom would generate a nonuniform electric field. Then, small size particles experienced a negative DEP force and were repelled from the
channel bottom to a narrow space close to the expansion structure. As a result, the particles were prone to be
focused and aligned due to the effects of the hydrophoretic steric hindrance [16]. However, this hybrid method
which took the advantage of the passive microfluidic technology-hydrophoresis, and the active microfluidic
technology-DEP, had the inherent problems as well. A complex set of external equipment was needed to generate
and regulate the electrical field and the throughput was still much lower because particles need to be exposed to
the DEP force for a sufficient amount of time to achieve successful focusing [18, 19].
In this work, we proposed an innovative microparticle manipulating method to overcome the limitations of
the previously reported approaches for controlling smaller microparticles (< 8 µm) using the channel with the
slanted groove structure with the introduction of a sheath flow. A single sheath flow was introduced into the
double-layer microchannel from the microchannel top wall, and the suspended particles could be pushed to the
bottom area of the microchannel. In this area, the structure-induced secondary flow was much more stable along

with a single direction and the stirring effect was very weak so that even the smaller-sized particle (4.8, 3.2 and
2.9μm) could be focused effectively. We investigated the effects of the total flow rate and the flow rate ratio
between sheath flow and sample flow on the manipulation performance. In addition, other factors including the
quantity of the expansion groove structure, particle concentration and size on particle focusing performance were
also studied to evaluate the manipulation performance of this method. Finally, we successfully demonstrated the
blood plasma extraction from undiluted whole blood using this method. It was shown that the blood plasma of
99% purity could be achieved after a single process and the result proves the robust performance of this method
on small biological cell manipulation.

Working Mechanism
The double-layered microchannel with the expansion slanted groove structure was fabricated by the two-step
photolithography technology shown as the Fig. 1(a) [12]. The first layer is a straight channel with a rectangular
cross-section of 200 µm × 26 µm (width (W) × height (H)). For the second layer, the arrays are composed of 100
slanted groove structures arranged with 38µm spacing (Ds) and oblique angle of 10º on the top surface of the first
layer-channel. The height (Hg) and width (Wg) of the expansion structure are 24 and 40 µm, respectively.
To investigate the mechanism of this sheath flow-enhanced secondary flow manipulation method, COMSOL
Multiphysics 5.1 (Burlington, MA) was used to simulate the flow field within a segment of the channel with
characteristic expansion groove structure. A 3D model was built and imported into COMSOL. The steady laminar
flow physics was selected for the model because of the low Reynolds number of channel in microfluidics. The
velocity of flow was set as 2.9162 m/s at the inlet. The boundary condition was set as no slip and the component
was meshed by the free tetrahedral mesh at the default finer level to ensure the accuracy of simulation results. In
Fig. 1(b), it is obvious that an ellipse-shaped secondary flow was generated within the cross sections of the
microchannel because of the pressure gradient induced by the expansion groove structure. The cross sections were
divided into several areas according to the characteristic of flow order to help to explain the manipulation theory
clearly. The grey rectangular area, which was close to the interface between the straight channel and expansion
groove structure, was regarded as the “trapping area”. In this region, it could be found that the secondary flow
tended to drive the randomly distributed particles into the expansion groove structure as the direction of the
secondary flow biased to the expansion structure. This bias could drive the particles into the expansion groove
structure if the size of the particle was not large enough. When the sheath flow was introduced from the top surface
of the channel, the particles, which were initially distributed randomly within the microchannel, could be pushed
downward and restricted within the bottom “working area” of the microchannel (dark blue rectangular area). In
this area, the direction of the secondary flow was mainly pointing toward the horizontal direction constantly. As
a result, the particles were moving horizontally in one direction and finally arrived at the “focusing area” (green
rectangular area) on the left side of the microchannel. However, we also observed that the magnitude of the
secondary flow in the “working area” and “focusing area” was relatively weak compared with other areas within
the cross sections because of the “no-slip” boundary condition. And this might be the reason why the particles
were not able to be focused into a single tight streamline in the experiments, but rather as a particle distribution
band instead.

Results and discussion
Effects of the total flow rate and flow rate ratio

In this work, the particles with the diameter of 4.8 (CAT. NO. G0500, 5%CV), 3.2 (CAT. NO. R0300, 5%CV)
and 2.9 µm (CAT. NO. G0300, 5%CV) were suspended in the deionized (DI) water respectively, with the
concentration of 5×104counts/ml. The surfactant, Tween 20 (Sigma-Aldrich Product no. P9416), was added at the
ratio of 0.1% w/v in the particle suspensions to prevent the particles from aggregation and adhesion to the walls
of the microchannel.
We conducted a series of experiments of 4.8 μm particles at different flow conditions to investigate the effects
of the flow rate and flow rate ratio between the sheath flow and sample flow. The total flow rate was increased
from 200 to 700 μl/min. In general, a higher total flow rate and flow rate ratio of sheath flow to sample flow can
improve the particle focusing performance of this double-layered channel. Based on the captured fluorescent
patterns of the 4.8 μm particle (Fig. 2(a)), at the flow rate of 200 to 300 μl/min, particles were not able to be
focused effectively with all the tested flow rate ratios, and the phenomenon that 4.8 μm particles were trapped and
travelling spirally within the expansion groove structure could be observed. However, there was still a clear trend
that the trapping phenomenon was weakened and a number of particles were gradually focused to one side of the
channel as the flow rate and flow rate ratio increased. When the flow rate was increased to 400 μl/min, the focusing
performance of 4.8 μm particles was further improved due to the generation of a stronger secondary flow. In
addition, a higher flow rate ratio was also found to be able to enhance the focusing performance, as the stronger
sheath flow could further push and restrict the particles into a narrower band within the “working area”, which
benefited the particle manipulation performance. When the flow rate was between 500 to 700 μl/min, we found
that particles could be guided to one side of the microchannel to be focused as a band with all the tested ratios
(from 1 to 6). And the focusing performance was also slightly enhanced that the focused particle band became
relatively narrower at such a higher flow rate ratio shown as the particle distribution plots in Fig. 2(b).
Other contributing factors
Besides the flow rate and flow rate ratio, we also studied the effects of the quantity of the expansion groove
structure, as well as the particle concentration and size on the manipulating performance. First, the progress of the
4.8 µm particle focusing along different quantities of groove structures at two different flow conditions were
investigated, as shown in Fig. 3(a). When the flow rate was at 400 μl/min and flow rate ratio at 1, only a part of
the particles could be guided to the equilibrium position and the remaining particles were still randomly distributed
and the phenomenon of particle trapping in the grooves can be observed obviously. On the contrary, at the flow
rate of 600 μl/min and the flow rate ratio of 2, all particles could be manipulated effectively and guided towards
the equilibrium position at the 75th segment of the channel and no trapping phenomenon was observed throughout
the whole process. Next, we examined the focusing performance using a particle suspension with a higher
concentration of the particle (2.5×105 counts/ml) using the same microchannel at the same flow condition, as
shown in Fig. 3(b), from which we could see that the particles could be focused into a narrow band similar to the
case of low particle concentration. Finally, at the flow rate of 700 μl/min and the flow rate ratio of 5, smaller-sized
particles (3.2 and 2.9 μm) were observed to be focused in a narrow band similar as the 4.8μm particle (Fig. 3(c)).
Blood plasma extraction from the whole blood
It is known that the plasma is a straw-coloured liquid component, which contains a diversity of biological analytes,
such as the proteins, metabolites, exosomes and circulating nucleic acids (CNAs) [20]. Besides the blood plasma,
nearly 45% of the whole blood volume is made up of the different blood cells including the erythrocytes,
leukocytes and platelets. Therefore, the plasma extraction is a necessary process to eliminate the interference of

blood cells for an accurate and reliable detection result [21]. Although extensive works on the extraction of blood
plasma using microfluidic devices have been reported, extraction of blood plasma from undiluted blood is a great
challenge due to the high concentration of blood cells [22, 23]. And some plasma extraction methods using
microfluidic technology has been summarized in Table 1. To prove the practical functionality of this microfluidic
manipulating method, we conducted blood plasma extraction from the human whole blood (45% hct) using the
proposed platform.
In our experiments, the sample of whole blood that was collected from a healthy donor using vacutainer tubes
(Vacuette) containing anticoagulant agent lithium heparin was injected into the microchannel at the flow rate of
100μl/min, meanwhile a sheath flow of phosphate-buffered saline (PBS) (Sigma-Aldrich Product no. P5493-1L)
at 400μl/min was applied. From the bright field images given in Fig. 4(a)i, most blood cells were pushed towards
one side of the microchannel, however, there were still a large number of blood cells trapped into the expansion
groove structure. Blood cells were travelling within the expansion groove structure and then get back to the
straight channel in the opposite direction. As a result, many blood cells were still distributed randomly and not
able to be guided to the focusing area, which would influence and decrease the purity of the plasma at the outlet.
Using the same microchannel at the same flow condition (total flow rate of 500 μl/min and the flow rate ratio of
4), the blood cells could be focused effectively when the whole blood sample was diluted by ×8 times (5.63%
hct), and nearly pure plasma could be obtained from the outlet Fig. 4(a)ii.
To further enhance the performance of plasma extraction for the undiluted whole blood, the total flow rate
was increased to 700 μl/min and the flow rate ratio was increased to 6 (100 μl/min of the sample flow and 600
μl/min of the sheath flow), it could be found that all blood cells in the undiluted blood were generally pushed
towards the focusing area by the structure-induced secondary flow, as shown in Fig. 4(a)iii. Afterwards, we put
the blood sample before and after extraction in a haemocytometer (Qiu Jian Biochemical Reagents Instrument
co.), and the bright field images showed that countless blood cells were stacked up layer by layer from the whole
blood sample at the inlet. On the contrary, only very few blood cells could be found in the extracted plasma at the
outlet, Fig. 4(b). Meanwhile, both blood samples were diluted 20 times by PBS and further tested by the flow
cytometry, as shown in Fig. 6(c). There were 258850 events detected in the whole blood plasma at the inlet and
only 222 events detected in the extracted plasma at the outlet. This result validated that a blood plasma with purity
over 99.9% could be extracted from the whole blood after a single process.

Conclusion
In conclusions, we employed a single sheath flow in the microchannel with the expansion slanted groove structure.
It was proven that the suspended small particles can be gathered within the area near the bottom of the
microchannel. As a result, the stable secondary flow induced by the pressure gradient would guide the small
particles towards one side of the channel, and the high pressure of the assisting sheath flow can prevent the
trapping of small size particles into the expansion groove structure. Finally, we demonstrated that blood plasma
with a high purity of over 99.9% can be extracted from the undiluted human whole blood sample at a total flow
rate of 700 μl/min and flow rate ratio of 6. These characteristics enable our method to be able to serve as a great
tool for separation or filtration of cells, as well as easy integration with the downstream complex detection.
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Fig. 1(a)The schematic drawing and the pattern of the microchannel used in the experiment. (b)The side view of
the microchannel. (c)Dimensions of the characteristic expansion slanted groove structure of the channel. (d)Finite
element analysis of the flow field within a segment of the microchannel with the characteristic expansion slanted
groove structure using COMSOL Multiphysics. The 3D model was divided into 8 cross sections （i-viii）to
illustrate the disturbed flow field. Each image was composed of the velocity arrow plot and pressure contour plot
together.

Fig. 2 (a) Fluorescent microscope images of the 4.8 µm particle trajectory pattern at different flow conditions. The
flow rate (the sum of the sheath flow rate and sample flow rate) was increased from 200 μl/min to 700 μl/min and
the flow rate ratio of sheath flow to sample flow was ranging from 1 to 6. The scale bar is 200 μm. (b)Distribution
plots of 4.8 µm particles at the flow rate from 200 µl/min to 700 µl/min and different ratios between the sheath
flow and sample flow. All these plots were depicted according to the achieved fluorescent intensity data of particle
trajectory pattern.

Fig. 3 (a)4.8 μm particles migration progress with different segments in the microchannel at two flow conditions.
(b)The particle manipulation for a high concentration particle suspension. (c)The manipulation performance of
the particle of 3.2 μm and 2.9 μm.

Fig. 4 Human blood plasma extraction from the whole blood (a)Plasma extraction from the whole blood (45%
hct) at the total flow rate of 500 μl/min and the flow rate ratio of 4 (i); Plasma extraction from the diluted blood
(5.63% hct) at the total flow rate of 500 μl/min and the flow rate ratio of 4 (ii); Plasma extraction from the whole
blood (45% hct) at the total flow rate of 700 μl/min and the flow rate ratio of 6 (iii). (b)The bright field images of
(i) the whole blood sample before extraction, (ii) the extracted blood cells solution and (iii) extracted blood plasma
on the haemocytometer. (c)The achieved data from the flow cytometry were processed and analysed by the
software of FlowJo (Tree Star, Inc.).The X axis (SSC-A) represented the relative cell surface and intracellular
complexity and the Y-axis (FSC-A) represented the relative event size.

Table. 1 Comparison of typical microfluidic techniques for blood plasma extraction.
Method

Sample Throughput

Dilution

Purity

Inertial (spiral)[24, 25]

700 μl/min

5%

100%

Inertial (serpentine)[26]

350 μl/min

5%

99.75%

Inertial (this work)

700 μl/min

100%

99.9%

Hydrodynamic (DLD)[21]

0.4 μl/min

100%

100%

Hydrodynamic (Centrifugal)[27]

15 μl/min

100%

98.9%

Dielectrophoresis[18]

0.5 μl/min

11.1%

97%

Acoustophoresis[28]

80 μl/min

20%

98%

